Thiophene C-H Activation as Chain-Transfer Mechanism in Ethene
Polymerisation; Catalytic Formation of Thienyl-Capped Polyethene 1
6-1. Introduction
Metallocene alkyls and hydrides of the group 3 metals and trivalent lanthanides can be considered to be neutral analogues of the cationic group 4 metallocene 14 electron species that are well-known for their efficiency in catalytic olefin polymerisation. 1, 6 The sulfur in thiophene is again a softer Lewis base than the heteroatoms in pyridine and furan. This is seen by the fact that the 2-thienyl compounds 6.4a, b are dimeric, but do not give observable thiophene adducts in solution (Chapter 3). The dimeric 2-thienyl complexes are thermally much more robust than the furyl compounds (thermal decomposition requires heating in solution at 100°C, days).
In the previous chapter, it was found that the Cp* 2 La-system is more active in the catalytic alkylation of pyridine with ethene than the analogous yttrium system.
In this chapter, it is shown that the Cp* 2 La-system was found to be able to combine ethene polymerisation and C-H activation of thiophene to result in catalytic formation of polyethene with 2-thienyl end-groups. This represents an alternative way to introduce a heteroatom functionality into polyethene. Functionalised polyethenes are of interest as a means to improve adhesive properties and dyeability of polyolefin materials. 
Results and Discussion
The decamethyl metallocene hydrides (Cp* 2 LnH) 2 Due to intramolecular coordination of the thienyl sulfur, the second and third ethene insertions are noticeably slower than the following ones. This leads to a reaction sequence as shown (slightly simplified) in Scheme 6.1.
The catalyst activity of 6.4b is modest, but its stability is excellent (even in neat thiophene) as seen by comparing the productivities at 7.5 bar over 2 h and 0.2 h (Table 6.1). ), but the M n is similar (700 vs 740, by NMR spectroscopy). It is likely that the sterically more hindered 2-substituted thiophene is a less efficient inhibitor.
Recently, Marks and Chung reported that chain-transfer agents with reactive X-H bonds
) in combination with lanthanide and group 4 metallocene catalysts result in silyl-or boryl-terminated polyolefins and copolymers. Notable differences with the system described here are that with the silane or borane chain-transfer the H-atom is transferred to the metal rather than to the alkyl chain, and that both the borane (Lewis acidic) and silane (electron precise) are unlikely to show a strong inhibition due to reversible coordination to the reaction intermediates. The combination of the weaker and softer Lewis base characteristics of thiophene and the hard Lewis acid in the Cp* 2 La-system readily allow the formation of higher molecular weight products even with a Lewis basic chain transfer agent.
This reversible coordination, combined with the fact that for the La/thiophene system initiation requires the (relatively slow) initial insertion into the La-C(sp 2 ) bond of the thienyl species, makes the activity of the catalytic system presented here modest. Nevertheless, the catalyst seems quite robust under the applied conditions, and good quantities of the thienyl-capped polyethene can be obtained easily.
6-3. Concluding Remarks
The La-complex 6.4b reacts with ethene (1 bar) in neat thiophene at 80 o C to give a distribution of 2-(n-alkyl)-thiophenes H(CH 2 CH 2 ) n (2-C 4 H 3 S). At higher ethene pressures this reaction yields solid materials that are polyethenes with low molecular weights (M n around 900 at 7.5 bar), that are capped on one side of the chain by a 2-thienyl group (as seen by NMR). NMR spectroscopy showed that the thiophene C-H activation is the only chaintransfer mechanism in the La-catalysed polymerisation of ethene; no simple olefinic endgroups were detected. Molecular weights can be increased further by decreasing the thiophene concentration (M w = 3330 at 7.5 bar in a 10:90 volume% thiophene-toluene mixture). This also increases productivity, indicating inhibition by reversible thiophene coordination. Observation of amounts of 2-ethyl and 2-butylthiophene that significantly exceed those expected on the basis of a Flory-Schultz distribution suggests that intramolecular coordination of the thienyl sulfur after the first and second ethene insertions increases the barrier for ethene insertion into these species relative to those for the subsequent insertions. Although the thienyl functionality is quite apolar, it is amenable to further functionalization, and it would be interesting to explore the possibilities of using these materials to prepare polyethene with more polar functional caps and to use the thienyl functionality in conjunction with block-polymerisation. For example, grafted polymer films composed of an underlying polyethene block and a surface PMMA block have been prepared by samarocene initiated ethene and MMA polymerisation on vinyl terminated silicon substrates. 13 It could be interesting to explore the combination of C-H bond activation of thiophene and ethene polymerisation by the Cp* 2 La-system as a means to modify conducting polymers built of thiophene units. Since lanthanum in the Cp* 2 Ln/thiophene/ethene system was found to be more active than the yttrium (production of polyethenes capped on one side of the chain by a 2-thienyl group vs a mixture of thiophene-capped, saturated and olefinic ethene oligomers H(CH 2 CH 2 ) n (2-C 4 H 3 S) (n = 1-12), and saturated regular ethene oligomers H(CH 2 CH 2 ) n H and polymers), it should be promising to explore the catalytic alkylation of thiophene with 1-butene by [Cp* 2 La(µ-2-C 4 H 3 S)] 2 (6.4b) as the yttrium analogue 6.4a was found to slowly catalytically produce 2-secbutylthiophene (Chapter 3). It would be interesting to try to extend this reaction using organolanthanide compounds with ligand environments for enantioselective catalysis. It is also possible to extend this reactivity to alkynes (e.g. cyclodimerization) and use of heteroatom C-H containing substrates.
6-4. Experimental Section
General Considerations. All experiments were performed under nitrogen atmosphere using standard glove-box, Schlenk, and vacuum line techniques, unless where mentioned otherwise. Deuterated solvents (Aldrich) were either dried over Na/K alloy and vacuum transferred before use (C6D6, THF-d8) or degassed, flushed with nitrogen and stored over mol. sieves (C2D2Cl4). Toluene and pentane were distilled from Na or Na/K alloy before use. Thiophene, 2-methylthiopnene (Janssen) were distilled from KOH under nitrogen and 2-methylthiophene was stored over mol.
sieves before use. 2-n-Alkylthiophenes used as reference were either purchased (2-ethyl, 2-octyl; Lancaster) or prepared (2-butyl, 2-hexyl, 2-decyl) according to Brandsma et al. 14 The following were prepared according to literature procedures: (Cp*2LaH)2, 3c Cp*2YCH(SiMe3)2, 15 Cp*2Y(µ-H)(η 5 ,µ 1 -CH2C5Me4)YCp*. 4e Ethene (AGA 99.5%) was passed over a supported copper scavenger (BASF R 3-11) and mol. sieves (3Å) before being passed to the reactor. NMR spectra were run on Varian Gemini 200, VXR-300 and Unity-500 spectrometers. GC analyses were performed on a HP 6890 instrument equipped with a HP-1 dimethylpolysiloxane column (19095 Z-123) . GC-MS spectra were recorded at 70 eV using a HP 5973 mass-selective detector attached to a HP 6890 GC as described Subsequently the reactor was vented and the reaction mixture quenched by addition of 5 mL of methanol.
Subsequent work-up was performed under aerobic conditions. Solid product was isolated on a glass frit, rinsed repeatedly with acidified acetone and petroleum ether 40-60, and dried at 70 o C in vacuo.
The products were characterized by NMR (for the reactions in neat thiophene) and/or by GPC (reactions at 7.5 bar). In addition, the solutions were sampled directly after quenching, and analysed by GC and GC-MS. Only in the reaction mixture of the reaction performed in neat toluene were linear olefins observed, all other solutions only showed a distribution of 2-alkylthiophenes. The products obtained from neat thiophene were characterized by NMR spectroscopy. Spectral data are given below for the reference compound 2-(n-decyl)-thiophene and the product obtained at 2.5 bar ethene pressure.
The 1 H NMR spectra of the products from neat thiophene and 2-methylthiophene respectively at 2.5 bar ethene pressure are depicted in Figure 6 .1 (pulse delay 20 seconds; a longer delay time did not change intergrated intensities for the resonances, except for the most downfield shifted thienyl proton which exhibits a particularly slow relaxation). Organometallics 1986, 5, 1726.
2-(n-decyl)-thiophene (reference compound
(16) The response factors used were those determined for 2-n-alkylthiophenes.
